Soils have the potential to accumulate heavy metals and the capacity to do so is strongly related the properties of each soil. Soil organic matter is a key factor in the retention, release, and bioavailability of heavy metals, and here we have determined the accumulation of heavy metals in various types of humus in the Rybnik Forest District in southern Poland. In a novel approach, we analyzed relationships between heavy metals within soil organic matter fractions and evaluated the role of organic fractions in mediating metal mobility. Specifically, we tested whether (i) the type of forest humus determines the heavy metal accumulation; (ii) heavy metals accumulation is associated with soil organic matter fractions; and (iii) heavy metals have an inhibitory influence on biochemical properties especially enzymes activity in different humus types. Four types of humus were sampled (mor, moder, moder-mull, mull), physically fractioned, and a number of chemical and biochemical properties were analyzed. Calculated geoaccumulation index (I geo ) and enrichment factor (EF) confirmed soil pollution with Cd and Pb. The type of humus differed in the accumulation of heavy metals, which is associated to the variable concentration of organic matter remaining at each decay class. We found no relationship between enzymatic activity and heavy metals concentration except for a positive correlation between urease activity and nickel concentration. Considering wider evidence, we propose a biogeochemical link between nickel deposition and the production of soil-borne urease in these forest soils.
with components that vary considerably in their turnover rates (von Lützow et al. 2007) .
A number of methods exist to physically fractionate SOM (Duddigan et al. 2019) , and density fractionation is commonly used to separate SOM into three fractions that are characterized by different degrees of stability (von Lützow et al. 2007; Marschner et al. 2008; Wambsganss et al. 2017) . Soil organic matter can be divided into labile fraction also called free light fraction (fLF), mineral soil light fraction which may become stabilized by occlusion inside aggregates (so-called occluded light fraction-oLF), and stabilized fraction of SOM, also known as heavy fraction which is mineralassociated fraction (MAF) (von Lützow et al. 2007; Błońska et al. 2017) . Labile C can remain in the ground from a week to years and recalcitrant C can persist for decades or even centuries. SOM associated with minerals can be stabilized due to its protection from mineralization (Li et al. 2019) , whereas the light fraction is more susceptible to changes to soil use and altered litter inputs (Grüneberg et al. 2013; Błońska et al. 2017) .
Forest ecologist identifies three types of humus: mull, mor, and moder depending on the degree of decomposition and integration with mineral matter, acidity, and base content (Osman 2013) . Mor type humus is formed under the conditions of low biological activity in the soil, when the organic matter mineralization occurs at a slow rate. Mull is a wellhummified organic matter and it is associated with high biological activity. Moder is an intermediate form of humus between mull and mor (Lasota and Błońska 2013; Zaiets and Poch 2016) . The soil microbial biomass is the main driving force for the decomposition of organic matter, and it is frequently utilized as an index of changes of soil properties resulting from land management change and environmental stressors (Baaru et al. 2007 ). The primary mode of action of the microbial biomass is the exudation of enzymes that are responsible for the turnover and release of carbon and nutrients (Gougoulias et al. 2014; Falkowski et al. 2008) . Consequently, an assessment of soil biochemistry, closely related to soil microbial activity, is essential to draw salient conclusions on soil organic matter and metal accumulation, especially if enzyme activity is inhibited (Brookes 1995; Lee et al. 2002; Wang et al. 2007; Błońska et al. 2016; Kuźniar et al. 2018) .
In Poland, soils contaminated with heavy metals are primarily found in industrial areas (Karczewska and Kabała 2010; Kuźniar et al. 2018) . The influence on contamination with heavy metals on arable soils as a result of anthropogenic activities has been well studied (Kelepertzis 2014; Tóth et al. 2016; Marrugo-Negrete et al. 2017) , while forest soils have received less attention. Due to the strong binding force of the majority of heavy metals by the sorption complex of forest soils, the state of contamination remains stable for a long period, even after the cessation of the pollution source. Given the likely high residual contamination load, our overarching objective was to determine the accumulation of heavy metals in various types of humus in forest stand in a region with antecedent high metalliferous dust depositions. In a novel approach, we analyze relationships of heavy metals with soil organic matter fractions and evaluate the role of these organic fractions in metal mobility. We have tested the following hypotheses: (1) the type of forest humus determines the heavy metal accumulation;
(2) heavy metals accumulation is associated with specific soil organic matter fractions; (3) heavy metals have an inhibitory influence on biochemical properties especially enzymes activity in different humus types.
Materials and Methods

Study Area and Soil Sampling
The study area is located in the Rybnik Forest District (50°6 ′ 40.56 N; 18°33 ′ 54.28 E), in the Upper Silesian Industrial Region, Poland (Fig. S1 ). The field sites are in the immediate vicinity of industrial plants (steelworks, mines, coking plants, power plants), which emitted harmful pollutants since the beginning of the nineteenth century. The dust formed in the process of coal combustion at the Rybnik power plant contains on average 120 mg kg −1 Zn, 64 mg kg −1 Cr, 40 mg kg −1 of each Cu, Ni, and Pb and 3 mg kg −1 Cd (Smołka-Danielowska 2006) . The elevated content of heavy metals in the soils of the study site has been confirmed by earlier research (Magiera et al. 2015; Magiera et al. 2016) . The field sites were located in forest complex east of Rybnik where the soils are derived from glacial moraines and are dominated by Brunic Arenosols and Cambisols (WRB 2014). The mean annual temperature of the area is 8.4°C, with a mean annual precipitation of 705 mm, and a growing season of 235 days.
Twenty field plots were selected, representing various types of forest humus, i.e., mor, moder, moder-mull, and mull. The dominant tree species were pine (Pinus sylvestris) and oak (Quercus petraea) on the areas with mor type humus with the remainder dominated by oak (Quercus petraea). Each of the four types of humus was sampled 5 times at different locations, giving a total of five replicate samples each. In order to ensure clay content did not confound our results, we selected sites with a uniform texture (loamy sand: sand 76%, silt 19%, clay 5%). For sampling, a small soil pit was dug and the horizon sequence was verified for the soil type. The type of humus was determined on each of 20 test areas based on morphology. For each test area, three samples to the depth of 30 cm were collected for laboratory analyses. The samples were collected from horizons according to the sequence found in the profile (Fig. S2 ). In the case of an area with mor type humus, these were Of, Oh, AE; for moder humus: Ofh, Ah, and AB; and for modermull humus: oLF, Ah, and AB. On the area with mull type humus, the sequence of horizons collected was Ah, A, and AB. In all the cases, the samples for the study were collected from 4 sub-stands of soil. For determination of biochemical properties, fresh samples of natural moisture were sieved through a sieve (< 2 mm) and stored at 4°C before analysis. All samples were collected in June 2018.
Laboratory Analysis of Soil
Field fresh soil samples were dried and sieved through 2-mm mesh. The properties of the soil samples were determined using common pedological methods (Pansu and Gautheyrou 2006) . The particle size distribution was determined using laser diffraction (Analysette 22, Fritsch, Idar-Oberstein, Germany). Soil pH was determined in H 2 O and KCl using the potentiometric method. Carbon (C) and nitrogen (N) were measured with an elemental analyzer (LECO CNS TrueMac Analyzer (Leco, St. Joseph, MI, USA)). Exchangeable aluminum (Al) was determined by the Sokołow method and hydrolytic acidity by the Kappen method (Ostrowska et al. 1991) . The concentration of cations and content of Cd, Cr, Cu, Ni, Pb, and Zn was determined by an ICP (ICP-OES Thermo iCAP 6500 DUO, Thermo Fisher Scientific, Cambridge, U.K.). The content of Cd, Cr, Cu, Ni, Pb, and Zn was determined after mineralization in the mixture of concentrated nitric acid and perchloric at the ratio 2:1. Sum of base cations (BC) was calculated.
Physical separation of soil organic matter fractions was performed using the method described by Sohi et al. (2001) . A sample of soil (15 g) was placed in a 200-ml centrifuge tube and 90 ml of NaI (1.7 g cm −3 ) was added. Each tube was gently shaken for 1 min and centrifuged for 30 min. The free light fraction (fLF) was removed using the pipette and collected on a glass fiber filter. The soil remaining at the bottom of the centrifuge tubes was mixed with another portion of 90 mL of NaI and subjected to sonication (60 watts for 200 s) to destroy aggregates. After centrifugation, the matter released from aggregates occluded light fraction (oLF) was collected on glass fiber filter. The remaining fraction was assumed to consist of mineral associated fraction (MAF) of SOM. After drying (40°C), the subsamples of different fraction were weighted and analyzed for C fLF, C oLF , and C MAF , respectively using an LECO CNS True Mac Analyzer (Leco, St. Joseph, MI, USA).
Dehydrogenase activity (DHA) was determined by the reduction of 2,3,5-triphenyltetrazolium chloride (TTC) to triphenyl formazan (TPF) using Lenhard's method according to the Casida procedure (Alef and Nannipieri 1995) . Urease activity (UR) was determined according to Tabatabai and Bremner (1972) .
To determine microbial biomass carbon (MBC) and nitrogen (MBN), 5 g of soil was weighed and fumigated with CHCl 3 in an exsiccator for 24 h at 25°C. Fumigated and non-fumigated samples were extracted with 0.5 M K 2 SO 4 and then filtered with the Whatman filters (Vance et al. 1987) . The amount of organic C and N in soil and deadwood was determined quantitatively (Błońska 2015) .
Soil Pollution Index
The geo-accumulation index (I geo ) and enrichment factor (EF) were calculated to evaluate the degree of pollution different humus type:
where C is the content of a measured heavy metal in soil, B is the content of a given heavy metal in a bedrock or geochemical background, and the factor 1.5 reflects natural fluctuations of a given heavy metal content in the environment.
sample is the ratio of heavy metal and iron content in the soil sample, and
background is the ratio of heavy metal and iron content in the geochemical background. Both local as well as reference backgrounds given by Kabata-Pendias (2011) were used to calculate background values for I geo and EF in this study.
Statistical Analysis
Principal components analysis (PCA) method was used to evaluate the relationships between different humus type properties. Pearson correlation coefficients between heavy metal content and biochemical properties and soil organic matter were also calculated. Properties of different humus types were compared using a parametric honestly significant difference (HSD) test. The multiple regression method was used to develop models describing the relationship between the heavy metals content and humus characteristics. All the statistical analyses were performed with Statistica 12 software (2012).
Results
The pH of the tested humus types ranged from 3.64 to 5.31, the highest acidity found in mull humus and the lowest in the mor humus (Table 1) . A statistically significant pH difference was recorded between mull humus and the remaining humus types. Carbon contents in the profile declined rapidly with horizon depth. The greatest carbon concentration was found in the mor humus (33.32%) and the lowest in mull humus (4.14%) (Table 1) . Profile patterns similar to carbon were found for nitrogen concentrations; however, humus C/N ratio did vary with widest ratio of > 20 found in the mor, moder, and moder-mull humus, and a C/N < 20 were found for mull humus (Table 1) . Moder-mull humus was characterized by the most favorable Ca:Al ratio, (86.02) and was significantly higher (p < 0.05) than the values obtained for mor humus (mean 3.02) (Table 1 ). In addition, significant differences in hydrolytic and exchange acidity were found among humus types. There were no differences in base cations content. The highest Cd contents were found in all horizons of mull humus type (1.75, 1.17, and 0.66 mg kg −1 , respectively) and in the Oh horizon of mor humus type (0.99 mg kg −1 ) ( Table 1 ). Cr was characterized by a comparable concentration in the surface horizon of all humus types (13.78-22.15 mg kg −1 ); in the second horizon, significantly higher Cr content was found in mor and in the third horizon of mull humus type. The highest Cu accumulation was observed for surface horizons of mor and moder humus (26.58 and 26.90 mg kg −1 , respectively) and in the deeper Oh horizon of mor humus (51.57 mg kg −1 ). The surface horizons of moder-mull and mull humus types were characterized by significantly lower Cu concentration (p < 0.05). Mn exhibited the highest concentrations in all horizons of mull humus, significantly higher than concentrations found in the remaining humus types (p < 0.05). The highest Ni concentration was recorded in the surface horizons of mor and moder humus type and in the second horizon of mor humus type. Pb was characterized by the highest concentration in subsurface horizons in mor, moder, and moder-mull humus (the mean values were 216.92, 115.56, and 92.52 mg kg −1 , respectively), in comparison with surface horizons, where no significant difference in the concentration of this metal could be discerned (concentrations from 51.11 to 71.62 mg kg −1 ). The highest Zn concentration was observed for surface horizon in moder-mull (88.16 mg kg −1 ), which was significantly higher than Zn concentration in moder. In the second horizon of mor (Oh), high concentration of Zn was found (108.10 mg kg −1 ); however, the difference in comparison with the remaining types of humus turned out to be insignificant (Table 1) . The highest dehydrogenase activity was estimated in the upper horizon of moder-mull humus (mean 51.31 μmol TPF kg −1 h −1 ), significantly (p < 0.05) higher than the activity of the first horizon of mor humus (mean 8.68 μmol TPF kg −1 h −1 ) ( Table 2) . Urease activity reached the highest level in the upper horizon of the moder humus (mean 67.43 mmol NNH 4 kg −1 h −1 ) which differed significantly from activity of urease in mull humus (p < 0.05). In deeper horizons, no significant differences in the activity of dehydrogenase and urease could be found (Table 2) . Microbial biomass ), C MAF carbon of mineral associated fraction (g kg −1 ), N MAF nitrogen of mineral associated fraction (g kg −1 ). Small letters in the upper index of the mean values mean significant differences between humus types carbon (MBC) in the profile declined rapidly with horizon depth, with typically close to half the MBC found in the second horizon compared to the surface humus. The largest MBC was in the surface moder-mull horizon (4192.2 μg g −1 ), significantly higher than the in mull soil which had the smallest biomass (705.5 μg g −1 ). In the second horizon, the largest MBC found in the mor (1757.9 μg g −1 ). In the third horizon, no significance was found. Microbial biomass nitrogen followed the MBC patterns closely expect the highest values which were found in the surface horizons of moder and modermull. The highest C fLF and N fLF content characterizes the surface Of horizon in mor humus type (266.30 and 9.05 g kg −1 , respectively) and oLF horizon in modermull humus type (235.47 and 11.11 g kg −1 respectively) (p < 0.05) ( Table 2) . The lowest C fLF and N fLF content characterizes the surface horizon of mull humus type (9.39 and 0.40 g kg −1 respectively). In the case of the second horizon, the highest content of C fLF and N fLF is found in mor humus (130.55 and 5.31 g kg −1 respectively). C fLF and N fLF content in the third, deepest horizon of the tested humus types did not differ statistically. C oLF was significantly higher (p < 0.05) in the surface horizon of mull humus type; it was 13.65 g . kg −1 on average. In the remaining humus types, the surface horizons contained lower amounts of C oLF (0.68-3.86 g kg −1 on average). Second horizons of all tested humus types were characterized by a similar C oLF content (7.46-13.87 g kg −1 on average) (p > 0.05). In the deepest horizons, the C oLF value range turned out to be even more similar between all types of humus (3.54-4.64 g kg −1 ). Similar regularities concerned the N oLF content. The mineral-associated fraction carbon content (C MAF ) was more variable. The highest C MAF content characterized all horizons of mull humus type (average 20.44-24.66 g kg −1 ) (p < 0.05). In the second horizon, significantly lower C MAF content characterized Ah horizon of moder and moder-mull humus type (3.42 and 3.98 g kg −1 , respectively). In the deepest horizons of mor, moder, and moder-mull humus, the mean C MAF content was 4.74-10.21 g kg −1 and did not differ statistically significantly ( Table 2 ). The N MAF content exhibited similar regularity to that of C MAF . Geo-accumulation index (I geo ) for Cr, Mn, and Ni, in the majority of analyzed horizons were ascribed values < 0 which according to the scale proposed by Müller (1979) identifies the soils as not contaminated, for these metals. In the case of Mn, only in mull humus, the I geo mean values were 0.86 to 1.36, suggesting unpolluted to moderately polluted and moderately polluted ranges. The I geo indices calculated for Cu in surface horizons of mor and moder humus type, for Cd in mor, moder, and moder-mull humus, as well as for Zn in mor, modermull, and mull humus remain in the range from 0 to 1, suggesting classification of these under the lowest pollution ranges (unpolluted to moderately polluted). Only with regard to Cd in surface horizons of mull humus type and for Pb in mor, moder, and moder-mull humus type (Ah horizon), did the calculated mean I geo indices exceeded a value of 1, which in accordance with the scale proposed by Müller (1979) enables classification of these soils as moderately polluted (Table S1 ). According to Sutherland scale (2000) , values of enrichment factor (EF) < 2 in the case of Cr, Ni in the majority of horizons, and in the case of Cu and Zn as well as Mn, with the exception for mull humus type, indicate soils with low pollution level. For Cd, Pb, and Mn, the calculated mean values of EF remain in the range 2-5which indicates moderately polluted soils. Only in one case, at Ah horizon of moder, the mean EF value for Pb exceeded 5 suggesting heavy pollution (Table S1 ).
All metals, especially Cd, positively correlated with the carbon of light fraction of soil organic matter in organic horizons. Cr, Cu, Ni, and Pb content correlated with the carbon of light fraction of soil organic matter in mineral horizons. Carbon of occluded light fraction of soil organic matter strongly correlated with Cr, Cu, Ni, Pb, and Zn in organic horizons and with all metals in mineral horizons. Carbon of heavy fraction of soil organic matter strongly correlated with Cr, Cu, and Pb content in organic horizons and with Cd, Cr, Mn, and Zn in mineral horizons (Table 3) . No correlation was found between enzymatic activity (DH, UR), and heavy metals ( Table 4 ). The activity of the enzymes assayed correlated positively with carbon and nitrogen content (Table 4) . Multiple regression analysis confirmed relationships between heavy metal content and the carbon content of soil organic matter fractions. Multiple regression models explained from 82 to 94% of the variance in the heavy metals content (Table 5) . A projection of the variables on the factor plane clearly demonstrated correlations between the heavy metals content, fraction of soil organic matter, biochemical properties, and type of humus (Fig. 1) . Depending on the horizon, two main factors had a significant total impact on the variance, from 62.17 to 80.68%. Mull humus types are dominated by carbon of heavy fraction of soil organic matter (C MAF ). Mor and moder humus types are dominated by light fraction of soil organic matter (fLF and oLF). The first horizon of mull humus is associated with high content of Mn, Cd, and Co, and the first horizon of moder and mor humus is related with Cu, Ni, and Pb content (Fig. 1) . In the deeper horizon of examined humus types (Oh, Ah, and A), relations with metals are different. The second horizon of mull humus is associated with a high content of Mn, and the remaining metals are most accumulated in the second horizon of mor humus (Fig. 1) . In the lowest lying horizons of the examined humus types (AE and AB), heavy metals strongly correlated with the carbon of the heavy fraction of soil organic matter. Deeper horizons of mull humus types were characterized by the highest content of C in the MAF fraction which resulted in a high content of heavy metals (Fig.  1) . There was no clear relationship between microbial biomass of C and N and heavy metal content (Fig. 1) .
Discussion
Soils were found to have high levels of contamination with Pb and Cd. The concentration of these metals in the surface horizons of the tested soils exceeds maximum allowable concentration (MAC) of trace elements (Kabata-Pendias 2011). The calculated index I geo and EF confirmed soil pollution with Cd and Pb and the tested soils have been classified as moderately polluted. Concentrations of the remaining tested metals did not exceed maximum allowable concentration of trace elements. According to Wilcke et al. (1996) , accumulation of Cd, Pb, and Cu is facilitated by high concentration of organic carbon in the surface soil horizons. All humus types differed in the accumulation of heavy metals, which can be linked to the variable concentration of organic matter remaining at a different decay class. Egli et al. (1999) suggest that distribution of Pb, Cd, and Zn in forest soil was determined by the decomposition of organic matter.
Humus Type Determines the Heavy Metal Accumulation
For mor, moder, and moder-mull humus, higher accumulation of Pb was found in the subsurface horizons compared to the surface soils. Given the Pb is found in deeper layers in the profile, it is likely the origin of this Pb dates back to earlier industrial activity, rather than current practice. Within the area covered by the study, the degree of pollutant deposition has been reduced due to the closure or modernization of most polluting industrial plants (Magiera et al. 2015) .
Humic substances have the capacity to interact with metal ions, which make them important agents for speciation and mobility of metals in soils (Donisa et al. 2003; Xiong et al. 2015) . According to these authors for Pb, Cu, Zn, and Cd, the association with the fulvic fraction is dominant. The number of heavy metals leached from soil largely depends on the soil pH and for Ni, Cu, Zn, Cd, and Pb, it greatly increases in the pH ranges < 4 and > 8 (Dijkstra et al. 2004 ). The mor, moder, and moder-mull soils are characterized by strongly acidic pH, which undoubtedly favors metal leaching process. It is probable that the lower concentration of metals in the surface horizons of the soils is a result of leaching to deeper horizons. Deverel et al. (2011) suggest that low pH and formation of soluble organic complexes can result in increased mobility and leaching to deeper horizons.
Heavy Metal Accumulation Is Associated with Soil Organic Matter Fractions
Accumulation of heavy metals (Co, Cr, Cu, Pb, and Zn) in horizons of the analyzed humus types is strongly associated with carbon of occluded light fraction (C oLF ) and with carbon of mineral-associated fraction (C MAF ). The higher content of these fractions, the higher the accumulation of the mentioned metals, which would indicate the considerable importance of these fractions in metal binding. The geochemical mobility of toxic metals in soils depends on how and which soil phase they are bound to and their chemical form (Giacalone et al. 2005) . In mineral horizons of the tested humus types, all heavy metals exhibited a clear positive association with the amount of C oLF , whereas the strongest relationship with C MAF was shown by the concentration of Cd, Co, Mn, and Zn. In previous work, Błońska (2015) analyzed mineral humic horizons of beech and oak-hornbeam stands in the reserves of Polish lowlands. This work demonstrated that heavy metals exhibit a strong association with occluded light fraction carbon (C oLF ) in those soils. Metals may form bridging complexes with organic coatings on mineral surfaces; additionally, metal-organic ligand complexes, formed in solution, are also liable to be adsorbed by soil surfaces (Staunton 2002) . Organic-mineral interactions in soil reach from weak contact occlusion to strong chemical bonds formed by complexation reaction (von Lützow et al. 2007 ). The central atom of complex humic substances (usually a metal atom) joins ligands, i.e., active groups of humus compounds, or simple organic compounds (Pastuszko 2007) . Occlusion inside aggregates may strongly affect the composition and dynamics of soil organic material (Buurman and Roscoe 2011) and indirectly on metals mobility.
Heavy Metals Do Not Inhibit Enzyme Activity in the Different Humus Types
Our third hypothesis on the influence of heavy metals on the biochemical activity in different humus types in forest soil was not supported. There was no relationship between enzymatic activity and heavy metals concentration. However, a strong positive correlation between enzymes activity and carbon content was found. It is likely that the soil organic matter masked any negative impact of metals on the activity of dehydrogenases and urease. Numerous studies indicate that organic matter reduces the toxicity of heavy metals in relation to enzymatic activity (de Mora et al. 2005; Karaca et al. 2006; Błońska et al. 2016; Pająk et al. 2016 ). According to Karaca et al. (2010) , soil characteristics such as pH, clay content, and soil organic matter can modify the impacts of heavy metals on soil enzymes. Soil organic matter influences metal binding and their impact on soil microorganisms (Kuźniar et al. 2018; Wolińska et al. 2018) . Bioavailability constitutes an important factor in the assessment of metal toxicity (Vig et al. 2003) . Angle et al. (1993) believe that total metal content in soil is not a sufficient measure of their impact on microorganisms. Absence of toxicity in soils defined as heavily polluted may be linked to the fact that soils contain metals in forms and structures of limited bioavailability (Siebielec et al. 2006 ). In our current study, the strong relationship of heavy metals with organic matter resulted in their reduced availability. Moreover, within the study area, deposition was strongest in years 1970-2000, now much diminished. In 1980, the annual deposition of technogenic particulates was 35 g/ m 2 , in 1999 45 g/m 2 , and in 2013 3.2 g/m 2 (Magiera et al. 2015) . The order-of-magnitude reduction of aerial deposition is clearly reflected in the I geo and EF indices.
Exogenous metals deposited into the soil are subject to aging reactions, translating into a reduction of their mobility over time (Lock and Janssen 2003) . In addition, multi-annual deposition of pollutants has resulted in the development of certain adaptive mechanisms by microorganisms in soils polluted with metals. Pollution with heavy metals results in changes in microorganism population structures, but do not reduce their general activity (Palmborg and Nordgren 1996; Harris-Hellal et al. 2009; Azarbad et al. 2016; Kuźniar et al. 2018) .
A positive correlation between urease activity and nickel concentration was found in our soils. Earlier research has demonstrated that lower nickel concentrations have a stimulatory effect on urease activity, while higher nickel concentrations have an inhibitory effect (Pérezurria et al. 1986 ). Metals detected in small amounts in the soil are not harmful and can even stimulate certain enzyme processes . Urease is an enzymatic protein containing nickel bound within the active site necessary for the synthesis of the protein molecule (Balicka and Varanka 1978) . We therefore posit that there may be a biogeochemical link between nickel deposition and the production of soilborne urease in these forest soils.
Conclusions
Our findings support two out of three research hypotheses. We confirmed that the humus type of forest soils determines the accumulation of heavy metals. The humus types are characterized by variability of properties, especially soil organic matter content and pH which significantly influences the mobility and potential availability of heavy metals. The accumulation of heavy metals in the humus types is strongly associated with carbon of occluded light fraction (C oLF ) and with carbon of mineralassociated fraction (C MAF ), to a lesser extent with carbon of free light fraction (C fLF ). We rejected the third hypothesis on the limiting influence of heavy metals on the biochemical activity in different humus types in forest soil. We suggest that organic matter masks the negative impact of metals on the enzyme activity.
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